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The refractive indices of 509 oxides and 55 fluorides were analyzed using two forms of
a one-term Sellmeier equatioft) 1/(n>—1)=—A/\%+B, whereA, the slope of the
plot of (n?—1) ! versus\ ~2 in units of 10 *® m?, gives a measure of dispersion aBd
the intercept of the plot ak=%, givesn, =(1+1/B)¥? and (2) n?—1=E4E,/(E>
—(hw)?), wherefiw=the photon energyE,=the average single oscillat¢Bellmeiey
energy gap, and =the average oscillator strength, which measures the strength of
interband optical transitions. Forfit) was used to calculate at A =589.3 nm (p) and
n at\=o (n,), and the dispersion constafit The total mean polarizabilility for each
compound was calculated using the Lorenz—Lorentz equatiqr:3/4m [(V,) (n2
—1)/(n%2+2)], whereV,, is the molar volume in A. Provided for each compound are:
Np, N, Vi, {@g), (A), (B), (Ey), (Eo), the literature reference, the method of mea-
surement oh and estimated errors im. Results obtained by prism, infrared reflectivity,
ellipsometry, and interference methods are compared. Consistency of dispersion values
among like compounds and structural families is used to evaluate the accuracy of refrac-
tive index data. Dispersion values range from 40 to>260 ® m? with the majority of
values in the range of 60— 1800 16 m?. High dispersion is associated wigh, p®, d*°,
and transition metal ions, 40, and crystalline hydrates, whereas normal dispersion val-
ues are found in borates, aluminates, gallates, silicates, germanates, phosphates, and
sulfates not containing $#0 or any of the above ions. Exceptionally high dispersion is
observed in liquid HO, FeO;, Y3Fe0;,, FEOOH, Fg(SOy);, UO,, Cu,0O, V,0s,
MgCrO,- 7H,0, and CsMg(CrOy),-6H,0. © 2002 American Institute of Physics.
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1. Introduction

967

969

adMaM'Xg) =2 M**) + ad(M"*") +4agX7), (2

where a(M,M’X,) is the total polarizability of the com-
pound MM’ X, and ag(M?"), ag(M'4"), andaX~) are
the electronic polarizabilities of &, M’4*, and X, re-
spectively. Using these relations, sets of ion polarizabilities
were derived from data on the alkali halides and alkaline
earth chalcogenides by Tessmenal. (1953; Pirenne and
Kartheuser(1964); Wilson and Curtis,(1970; Boswarva
(1970; Coker(1976; Raghurama and Naraydh983; and
from data on a variety of minerals by Lasaga and Cygan
(1982.

During the course of the determination of an improved set
of electronic polarizabilities, it was necessary to obtain a
relatively complete database of refractive indices and disper-
sion over the visible part of the spectru@00—700 nm
Although dispersion data such as those given in the compi-
lations of Hintze (1897, (1933, (1938, (1960; Doelter
(1914, (1917; Li (1980 and the Landolt-Bmstein(1962),
(1969, (1979, (1981), (1996, (hereafter referred to as )B
series have been published, there was no central location for
these data and it was frequently necessary to go to original
publications to obtain dispersion data. Often there is no in-
dication of the reliability of the data. In order to obtain
and dispersion constants, it is convenient to use Sellmeier
analyses. Sellmeier constants have been provided for many
compounds in these publications, but because of the large
variety of Sellmeier equatior{§ropf et al. (1995], analysis
using a common Sellmeier equation was not available.

To remedy this situation a literature search from the mid
1800s to the present was done to provide a relatively com-
plete list of refractive indices and dispersion for minerals and
synthetic fluorides and oxidé¢509 oxides and 55 fluoridgs
To be of use in the LL analysis, it is necessary that compo-
sition and unit cell volumes be available. Using the disper-
sion data and the one-term Sellmeier equation described by

Refractive indicesrf) and their dispersion are useful for piDomenico and Wemplé1969, we calculate dispersion
the characterization of Synthetic materials and minerals angarameterS’ the |Ong-Wave|ength indm(’ and Np, the in-

for the prediction of linear and nonlinear refractive indicesdex of refraction at the Ngline. Using estimated experimen-
(n,). Nonlinear refractive indices are defined by=n,
+n,(E?) wheren=observed refractive index at wavelength trends inn and dispersion in structural families, we make a
\, n,=the linear refractive index, ariel=the applied optical
electric field [Adair et al. (1989]. For example, nonlinear the unit cell volumes, and the LL equation, we calculate the

refractive indices of crystalline and glassy optical crystalsiotal mean polarizability ) for each compound.
have been related to linear refractive indices and their dis-

persion[Boling et al. (1978; Adair et al. (1989; Dimitrov
and Sakka(1996]. Also, in conjunction with dispersion
studies and derived valuesiof , sets of empirical electronic
ion polarizabilities . have been derived fron{l) the
Lorenz—LorentZLL) equation:

ae=1b[ (V) (n2—1)/(nZ+2)],

)

where V,, is the molar volume in A b=4/3 [Lorentz
(1880; Lorenz (1880; Tessmaret al. (1953; Kip (1962);
Anderson(1974] andn,, is the value ofn extrapolated to
infinite wavelength from a Sellmeier equation a(® the
additivity rule for the compound MM’ X,. The additivity

rule

states
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tal errors inn, comparisons of data on like compounds and

critical evaluation of the data. Finally, from the valuesof,

2. Presentation of Data

2.1. Composition, Characterization, and Source

This publication provides the composition, the refractive
indices at\ = (n,,), and 589.3 nmifp), molar volume of
the compound¥/,,, volume per aniotV,, total mean elec-
tronic polarizabilities(«a,), the mean dispersion parameters
(A), (B), (E,), and(Eg), along with documentation provid-
ing an indication of the method of measuringthe precision
of the measurement af, and source reference in an easily
accessible form. Molar volum¥,, is the unit cell volume
divided byZ, the number of molecules per unit cell. Volume
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per anionV, is defined as the molar volume divided by the 2.2. Method of Measuring Dispersion or  n,

number of water molecules and anions,(H O~ -+ OH Although prism techniques have been used in the majority

+'.:_).' In the t(_axt_the values dfA), (B), (Eo), ‘?nd<Ed> for of dispersion determinations, a variety of other techniques
uniaxial and biaxial compounds, although writianB, E,, have also been used. We include a code describing the

and Eq, are mean values. The compositions of Synth‘c‘\t'%fethod used to measure the refractive indices. The prism

compognds are generally ac‘?ePted as correct. In the case flethod using either minimum deviation or perpendicular in-
synthetic compounds, we give, when known, the Cr_ySt""‘:idence[Tilton (1939; Tilton et al. (1949; Werner(1968);
grower. Almost gll of the data reported here are from S'nglel'entori and Lerma1990; Medenbach and Shann¢h997):
crystals. Exceptions are PLZT (Pb—La—Zr-Tig)@0mpo-  pedenbachet al. (2001)] has been used most oftéabout
sitions. In this case the data from PbTi©eramic W|th_n 60% of the data given her@nd can give the refractive in-
=2.523 (@=9.668) was found to compare well to single gices accurate to the fourth or fifth decimal place. The im-
crystal data where one papéBingh 1971 reportedn,  mersion methodWerner(1968); Verkouterenet al. (1992)]
=2.5218 andh,=2.5226 (,=9.665) and anothgNomura  (about 10% of the data given heris less accurate but can
etal. (1973] n=2.5617 @=9.792). In those cases where gjve values accurate to the 4th decimal place. Infrared reflec-
single crystal data were not available, ceramic or polycrystivity (IR) measurements in conjunction with Kramers—
talline sample is specified. Kronig analysis or the Lorentz oscillator model and classical
In the case of minerals we give the mineral name, thejispersion theoryBarker (1964] give the long wavelength
color, and where available, the source of the specimen. Mindielectric constants .= n2, from fitting the parametes.. to
eral compositions are generally those given by the originathe reflectivity data. In general, data obtained in this manner
author. Following the composition, the symbblrefers to  (about 10% of the data given herare accurate to the third
well known compositions, either as-grown synthetic crystalsdecimal place. Some papers use an independent measure-
or analyzed compositions of minerals. Many values@nd  ment ofn,, and it is not always possible to distinguish these
dispersion for oxides and minerals have been reported in thealues from the fitted values. When both IR and minimum
literature but we have only included those for which the unitdeviation measurements have been made, they have both
cell is known and the composition is relatively certain. In been tabulated for comparison. Ellipsometer metHdedi-
some instances such as phenacite,@®,), even though no son (1997); Jellison and Moding1997] have been used
analysis was reported in the original papers, the data wer@ore recently and give results somewhat less accurate than
included because of the high probability of the compositionprism methods. We have compared several sets of data using
being correct. Many compositions, especially those reporte@0th ellipsometer and prism methods and find agreement to
in LB (1962, (1969, (1979, (1981), (1996); Hintze (1897, +0.02-0.05. Critical angle methods including the use of the
(1933, (1939, (1960; and Doelter(1914, (1917 are un- Abbe—Pulfrich refractometdStraat and Forregt939; Til-
certain or questionable. In the case of the minerals, narsafon (1942, 1943 Hurlbut (1984] have been used often but
sukite, leucosphenite, and sodalite, even though the ana|ysli'§t in determining dispersion. Finally, interference methods
or unit cell dimensions are not well known, we have included’Sing & Michelson-type interferometer have also been used
the data because the refractive index was well determinedOr determining dispersiofiGrehn (1959; Werner (1968
For these entries, we have used in parentheses the nominal’jeskalev and Smirnova(1987; Shumate (1966]. The

ideal compositions. In some cases, data from LB was omitte§'€thod of measuring is not always given. Values quoted to

if the composition was uncertain and there were other exfour decimal places in LB were assumed to be obtained by
and therefore to be accurate to

amples available where the composition was known, e.g.F,’”Sm methods . :
garnets, cordierites, and beryls. In some instances such as f§r0'0001_0'0005’ except when indicated otherwise.
KH,PQ,, where a number of accurate determinationshof
have been made, we have included only 1 or 2 of the more

accurate measurements. 2.3. Sellmeier Analysis

Finally, we give the source of the data. In many cases, we h i ion f las that h b devel
give the compilation from which the data were taken, e.g., There are many dispersion formulas that have been devel-

Palik (1991): Hintze (1897, (1933, (1938, (1960: or oped to fit the refractive index over a wide range of frequen-
Landolt—B’dn’stein (1962 (1;969 (1;379 (1&58]) (19’96 cies. Many of the most common formulas are described by
When convenient, we give the original reference using thél’ropf etal. (1993. However, the single-term Sellmeier

CASSI (Coden listed in the Chemical Abstracts Services\?urit'?n gzegiDbymDr']?%Tge;]')Cﬁ artf Wgyﬁaf%g afn(?m
Source Index (1999. Appendix 1 lists the Codens used in emple a omenic as the advantages of sim-

this paper. The effective cutoff date for literature search i licity and of providing derived parameters that have physi-

January 2000, whereas the earliest source was around 185CU'€‘.I significance. In the form

Although Table 1 lists many of the dispersion data published 1/(n?—1)=—A/\2+B, (33)
between 1850 and 2000, it is not meant to be a complete

tabulation. Overall, we present data for 509 oxides and 5%\, the slope of the plot of®*—1) ! versus\ ~2 in units of
fluorides. 10~ m? gives a measure of dispersion aBdthe intercept
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REFRACTIVE INDEX AND DISPERSION 957

TaBLE 2. Comparison of.,, values determined by prism methods and reflectivity methods

Compound Space group Prism method Reflectivity Error Ellipsometer Error Interference method 2 Delt®elta Delta
(n..) (n..) (n..) IR-prism ellips-prism Interf-prism
MgF, P4,/mnm 1.3761 1.38 >.01 0.00
Cak Fm3m 1.4255 1.430 0.01 0.00
Srk, Fm3m 1.4306 1.44 >.01 0.01
BaF, Fm3m 1.4655 1.47 >.01 0.00
ZnF, P4,/mnm 1.4963 1.503 0.01 0.01
PbF, Fm3m 1.7248 1.58 >.01 —0.14
1.7272 1.58 >.01 —0.14
KMgF; Pm3n 1.3975 1.43 0.05 0.03
KNiF3 Pm3n 1.52 0.05 1.4827 0.04
KMnF; Pm3n 1.4382 1.44 0.01 0.00
145 0.05 0.01
RbMnF; Pm3n 1.59 0.05 1.4745 0.12
Cu,O Pn3m 2.27 2.54 0.02 0.27
2.55 0.05 0.28
2.57 0.05 0.30
ZnO 1.9150 1.903 0.003 —-0.012
o 1.904 1.903 0.003 —0.001
EuO Fm3m 1.960 2.30 0.08 0.34
Al,Oq R3c 1.7496 1.78 1.7480 0.03 —0.002
Er,O3 la3 1.923 1.95 0.03
1.930 1.95 0.02
Sio, P3,21 1.5353 1.538 0.005 0.003
GeG, P4,/mnm 1.9546 2.05 0.09
1.957 0.09
TiO, P4,/mnm 2.506 2.46 0.02 —0.05
o 2.490 2.46 0.02 —-0.03
ThO, Fm3m 2.0679 2.20 0.01 0.13
o 2.07 2.20 0.01 0.13
Cel, Fm3m 2.31 2.36 0.05
uo, Fm3m 2.12 2.35 0.23
2.16
Th3Ga0,, 7 1.9335 1.932 0.002 —-0.001
Y;Fe0;, la3d 2.1287 2.15 0.02
o 2.165 2.15 0.02
Be,SiO, R3 1.6448 1.66 0.01 0.02
1.6455 1.66 0.01 0.01
Mg,SiO, Pmnb 1.6365 1.650 0.005 0.014
Bi;Si;O;, 1.9674 1.9559 0.001 —0.011
Bi,Ge;0,» 2.0267 2.0218 —0.005
2.0338 —0.012
YVO, 14,/amd 2.0055 2.00 0.01 -0.01
1.9994 2.00 0.01 0.00
PbMg3aNb 05 Pm3m 2.422 2.49 0.07

#Boldfaced values refer to discrepancies greater than experimental values.

of the plot at\ =, givesn,=(1+1/B)"2 In Appendix 2, where from optical data{n..)=1.547, and from dielectric
we give alternative forms of this equation. The values constant data at 1 kHZn..)=2.135(Shannon, 1993
derived from Eq.(3a) are necessary for the correct applica- An alternative form[Wemple and DiDomenicd1971);
tion of the Lorenz—Lorentz relation to obtain ion polarizabil- Wemple (1973, 1977] is

ities. The values of,. derived in this paper from one-term o 4 2 2

Sellmeier analyses of data from the visible region results in "= 1=EqEo/ (Bo= (hw)7), (3b)
n., that comes only from electronic transitions. Thig is  where in a single oscillator modélw =the photon energy,
distinctly different from the dielectria,, derived from the E,=the average single oscillat¢Bellmeiej energy gap in
dielectric constant,=n2, obtained in the kHz—MHz region eV, andE4 = the average oscillator strength in eV, which
where both lattice vibrations and electronic transitions conimeasures the average strength of interband optical transitions
tribute to the dielectric constant. This is shown graphicallyand Eg is related to physical parameters by the expression
by Tropf et al. (1999 in their Fig. 1, p. 33.13 and is illus- Eg=BNZNe, whereN, is the cation coordination number,
trated numerically by the value of refractive indices of quartzZ, is the formal valence of the aniofN, is the effective
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TaBLE 3. Inconsistent dispersion values

<A> Eo Ed
Compound Mineral Reference 10%®m?  (eV) (eV)  Accuracy indek  (A)
NaF 78 Ref. 7 7-105 96 15.0 11.1 2 high
Cs,SiFg 35 ZPCBAL 31 292 98 13.4 12.2 3 high
Na,GeFy 82 INOMAF 18 570 101 14.4 11.0 2 high
Cs,GeR 35 ZPCBAL 31 292 117 11.7 11.8 3 high
BaMgFk, 75 JAPIAU 46 4645 75 13.8 15.3 3 high
Cu,O cuprite 79 JJAPAS 18 1043 86 55 33.9 5 low
Y,04 91 Ref. 9 1079 126 7.1 18.0 2 high
Y,03 91 Ref. 9 1079 62 9.9 25.8 2 low
Y,03 56 ANCHAM 28 2023 53 10.8 27.6 3 low
As,03 arsenolite 62 Ref. 1 Rf 2565 87 9.6 19.0 3 low
Sbh,0, senarmontite 62 Ref. 1 Rf 204 80 8.0 25.0 5 low
SrB,0; 95 OMATET 4 669 40 14.3 28.2 1 low
GdggNd ;Al3B,0;5 98 CHSCBU 43 1973 40 14.0 288 1 low
MgAl,O, (1.15% Co spinel 62 Ref. 1 Rf 173 48 131 254 1 low
SrLaAlO, 96 PSSBBD 195 625 39 12.2 33.6 5 low
GhSGAI0;, 73 JAPIAU 44 1395 66 9.8 245 5 high
Y1Ga0;, 87 Ref. 5 314 80 8.9 225 3 high
Tm;Ga;0;, 82 JCRGAE 57 600 70 9.2 248 3 high
LaErScGa0,, 84 SPHCAG6 29 704 42 11.7 32.5 2 low
SrGdGa0o; 91 JOBPDE 8 1668 94 8.7 19.5 3 high
Y,Fe0;, 65 BJAPJA 16 475 271 40 1438 3 high
Sio, smoky quartz 97 NJMIAK 11 259 76 12.5 16.9 1 high
ZrSiOy zircon 62 Ref. 1 Rf 514 69 9.4 24.6 1 high
Al,SiO,F, topaz 62 Ref. 1 Rf 4071 37 163  26.7 1 low
Mn,SiO, tephroite 32 AMMIAY 17 135 98 8.8 18.5 3 high
CaMnSiQ 32 AMMIAY 17 135 90 9.9 17.9 3 high
Fe, Mn ;Mg ,SiO, fayalite 09 ZEKRDZ 46 138 85 9.2 20.5 1 high
Zn,SiO, willemite 23 ZEKRDZ 58 460 81 10.5 18.9 1 high
ZrSiO, zircon 03 ZEKRDZ 37 235 64 9.7 25.7 1 high
Al,SiOg sillimanite 62 Ref. 1 Rf 4085 67 11.8 20.3 1 high
Ca, Mg Fe Al gFe,Si;0q, grossular 62 Ref. 1 Rf 235 35 15.0 30.7 1 low
Ca,CoSiL0, 97 JOBPDE 14 3299 178 7.6 11.8 1 high
Li ggNagsAl gsF€psSi0g spodumene 13 ZEKRDZ 13 294 51 13.3 23.4 2 low
CaTiSig titanite 97 Ref. 10A 1609 73 9.2 23.8 4 low
CaTiSig titanite 97 Ref. 10A 1609 91 8.3 21.1 2 low
Na,Al 3Si;0,,Cl sodalite 62 Ref. 1 Rf 2597 65 145  17.0 2 low
Na,Al 3Si;04,Cl sodalite 97 Ref. 10A 885 98 1.8 137 2 high
K oNa,AlSizOq adularia 21 TTMMDZ 35 231 63 14.1 18.0 1 low
KAISi ;04 microcline 62 Ref. 1 Rf 2966 85 12.2 15.5 1 high
BagK g/NagAl,Si,Og paracelsian 42 MNLMBB 26 231 87 11.3 16.3 2 high
Ca;Si,Og(OH),(OH,), afwillite 25 MNLMBB 20 277 44 15.0 24.1 2 low
CaAl,FeS;0,,0H epidote 62 Ref. 1 Rf 2983 59 11.6 23.4 1 low
CUgSigOy4-6 H,O dioptase 62 Ref. 1 Rf 2889 66 1.8 206 1 low
PbyMggSigO,4(OH),4 molybdophyllite 38 Ref. 10C 368 80 9.7 20.5 1 low
CaU0O,)(UOOH)(SIiO,)(Si0;0H)- 4 H,0O beta-uranophane 39 AMMIAY 24 324 50 13.4 24.0 3 ?
CaUO,)(UOOH)(SIO,)(SiO;0H)-4 H,0  beta-uranophane 39 AMMIAY 24 324 66 11.8 20.6 3 ?
Bay oNd 0;ZNGe,0; 90 JOBPDE 7 1190 66 11.0 220 3? low
TiO, rutile 97 OPLEDP 22 1808 152 4.6 23.0 5 high
TiO, rutile 79 JJAPAS 18 1043 84 6.3 30.3 5 low
SITIO, g9 95 SPHCA6 40 640 87 6.6 281 1 low
PbTiO;, ceramic 71 Ref. 6 513 92 5.7 30.5 2 low
PbTiO; ceramic 77 APOPAI 16 3210 92 5.7 30.6 3 low
Tho, 64 OPACAT 11 287 44 10.5 34.5 3 low
RbH,PO, 67 SPHCA6 12 383 107 11.2 13.3 2 high
DyPO, 00 OMATET 15 103 57 12.0 23.3 4 low
HoPQ, 00 OMATET 15 103 56 12.2 23.5 4 low
ErPQ, 00 OMATET 15 103 48 13.2 25.4 4 low
TmPQ, 00 OMATET 15 103 55 12.3 23.5 4 low
YbPO, 00 OMATET 15 103 48 131 25.3 4 low
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TaBLE 3. Inconsistent dispersion values—Continued

A) E &
Compound Mineral Reference 10 16 m? (eV) (eV) Accuracy indef (A)
LuPGQ, 00 OMATET 15 103 54 12.4 23.8 4 low
GdRO,, 87 WLHPAR 36 823 114 95 14.6 1 high
ErP,Oy, 87 WLHPAR 36 823 27 19.6 30.6 1 low
Li; odNa Mg o,Al ,P,05(F 6OH; 1) montebrasite 46 AMMIAY 31 51 a7 14.8 22.9 3 low
Y 6TM VO, 93 JAPNDE 32 1651 164 5.7 17.0 3 high
CssNbyOs0 78 JCRGAE 43 115 124 6.1 21.1 5 high
BaeSr,sNb,0, 68 JAPIAU 39 343 79 7.2 28.2 4 low
KAI(SO,),- 12 H,0 62 Ref. 1 Rf 3798 96 12.4 13.5 1 high
TI,Ni(SOy),- 6 H,0 62 Ref. 1 Rf 1571 81 11.3 17.5 1 low
CaMoQ, 65 JAPIAU 36 1674 83 8.4 23.2 1 low
Nd,M050;, 23 ZDKRDZ 58 226 88 8.0 22.7 1 low
PbWOQO, stolzite 97 NIMAER 385 209 86 7.2 25.9 4 low
NaY(WO,), 72 INOMAF 8 1957 9 25.8 71.2 5 low

@Accuracy index defined in Table 1.

number of valence electrons/anig=0.26 for ionic com- (3a)]. When data were presented in the form of different
pounds, angB=0.37 for covalent compounds. These param-Sellmeier equations, we used the equations to calculate nu-
eters were analyzed for more than 100 compounds bymerical dispersion data for use in Ea and when data
Wemple and DiDomenic61971). The scheme was found to were provided only in graphical form, the dispersion data
work well for simple single-bond halides and oxides as wellwere taken from these plots.
as a number of more complex multibond oxides containing 2 4. Error Limits
two cations of differing coordination. However, it was nec-
essary to assume covalent characjgr(.37) for scheelite- Where possible, we have given error limits as reported;
type molybdates and tungstates and several iodates and c@jhen no error limits were reported, we have either stated that
bonates. In this paper we consider both single-bond angr estimated the errors. Following the composition, the
multibond oxides and fluorides. symbol + refers to compounds with the most reliable refrac-
In general, dispersion parameters are not identical for lightjye indices, generally wittén= +0.0001—0.0005. When re-
polarized along the different axes of uniaxial and biaxialfractive indices are quoted to four decimal places in Landolt-
crystals. This results in dispersion parameters that vary Wi“Bbrnstein, as for example for the many sulfates studied by
the crystal orientation. However, for simplicity in the tables, 1tton over the years 18901930, we have assumed error
we list only mean values dfA), (B), (Eo), and(Eg). Inthe  jinits of +0.0001—0.0005. Estimated error limits are only
text following, although we omit the brackets, all values Ofvalid for the refractive index and do not take errors in com-

A, B, E,, andE, are understood to be mean values. position into consideration. Crystals studied before the early
When numerical values were given, we have used those

data to determine the one-term Sellmeier paramdtecs
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Fic. 1. Mean dispersion valugd) vs frequency of occurrence. Fic. 2. DispersionA vs average Sellmeier energy gip.
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0,030

1900s and for which four significant figures are quoted in the
original papers are assumed to be measured by prism met
ods. 0.025 : :

o
o
n
=]

3. Results and Discussion

sion, <A>
.
-

o
o
a2
o

44

Table 1 provides 73 measurements on 55 fluorides, 9 me:d
surements on chlorides, and 750 measurements on 509 oa %0191
ides. In the table we give the specimen composition ant
source, the refractive indices Rt=c and 589.3 nm, molar
volumeV,,, volume per aniolV,, electronic polarizabilities 0,000
a., the mean dispersion parametess, B, E,, and Eq, 0 5 10 15 20 25 30 35 40
along with indices that provide an indication of the method Ed [eV]
of measuringn, the estimated error in, the reliability of the
composition and refractive index data, and source reference
in an easily accessible form.

0,005

Fic. 3. DispersionA vs average oscillator strength.

3.1. Comparison of Data Using Different Methods ) . i
Teller (LST) relation. Similarly, the high value for

In Table 2 we compare the results of determinations.of n..(RbMnF;) was noted by Perry and Yound967. The
by prism, IR, ellipsometer, and interference methods. In genthree IR values oh..(Cu,0)=2.54, 2.55, and 2.57, obtained
eral, results obtained for prism or interference and IR methfrom the IR measurements, agree reasonably well and are
ods are identical within experimental error. Exceptions argrobably more accurate than the valuemf{Cu,0)=2.27
PbFk, RbMnF;, Cu,0O, EuO, GeQ, ThG,, UO,, and obtained from prism data in LB. This value derived from
PbMg3;3Nb¢/05, as noted by boldfaced values in Table 2.data determined in 1871 appears systematically low com-
The discrepancy in..(PbF,) was noted by Axest al. (1965 pared with the IR values and the 643.8 nm value of 2.89
and attributed to an inadequacy of the Lyddane—Sachsdetermined by Medenbach and Shant®897).

TaBLE 4. Dispersion parameters for oxides and fluorides: Transition metal

(AP (Eo)° (Eq)°
Compound Chemical composition Mineral Atoih)? 10 6 m? (eV) (eV) Why low (A)?
Fe™ ad® Fe,0, hematite 40 226 3.6 19.7
FeOOH lepidocrocite 33 215 5.0 15.0
FeOOH goethite 33 162 5.1 19.3
Fey(SOy); 12 206 6.4 12.1
FeSQOH 14 181 6.5 13.6
FeSQOH-2 H,0 butlerite 33 180 7.4 12.0
F&(SOy)5- 7 H,O cornellite 27 172 8.0 11.6
Y 3Fg0;1, garnet 25 197-160 4853 17.0-19.0
MFe(SOy),- 12 H,O M=K,Rb,Cs,TI 54 120-117 10.3-10.9 12.6
CaFe,Si;O, andradite 10 115-101 7.7-8.1 18.1-19.4
NagFegAl psTi ¢3Si,04 aegirine 9 122 8.0 16.5
Na,Ca,Mg ;FegSi,Og aegirine 9 114 8.4 16.7
crt 3d® MCr(S0O4,- 12 H,O M=K,Rb,Cs,TI 54 105-95 11.0-12.1 13.8-14.0
Mn3* 3d* CagMn; o4(Si0,), 1(O4H,) o henritermierite 12 105 8.4 18.2
Co** 3d’ CaC0Si,0, 8 178 7.6 11.8
Sr,CoSi0, 8 117 9.1 15.0
Ni?* 3d® NiF, 33 198 8.0 10.1
MNiF5 M=K,Cs 20 77-71 13.3-13.7 15.7-16.4 F
EPY 417 Ew,SiO, - beta 28 162 6.5 15.2
U** 5f2 uo, 33 264,210 4245 14.5,16.7

aAtom % =(total “soft ions”+H,O)/(total cations-anions.

PBoldfaced values ofA) are relatively high.

“Boldfaced values ofE,) and(Eg) are relatively low.
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TaBLE 5. Dispersion parameters for oxides and fluoridé%

Atom (A)P (Eo)® (Eq)® Why low

Compound Chemical composition Mineral (%)2 10716 o ev) ev) (A)?
Cu* 3d%° Cu,0 cuprite 67 267 3.8 15.8

CucCl 50 161 6.3 15.9
Zn 3d* ZnoO 50 185-159 5.74-6.09 15.1+16.5

ZnWOo, 33 86— 82 7.27.3 26.0-26.6

Zn,Sio, willemite 28 71 11.1 20.3 Si

Ca2nSiO, hardystonite 8 71 115 19.7-19.8 Ca, Si

BazZnF, 53 67 13.8 17.3 Ba, F

CaY; gNd ¢Zn,Ge;0;, 10 67 9.8 24.4 Ca

Zn,0(BO,)s 17 61 11.5 22.7

ZnF, 33 59 14.8 18.4 F
As®* 3d° KH,AsO, 16 98-100 10.9-11.0 14.6-14.8

RbH,AsO, 16 94 11.3 15.1

CsH,AsO, 16 93 11.1 15.4

Mng sCa,sMg 2sAS,0g(OH)g allactite 8 81 9.8 20.2 Ca, Mg
|7+ 490 KIlO, 17 133 8.8 13.7

aAtom % =(total “soft ions”+H,O)/(total cations-anions.
PBoldfaced values ofA) are relatively high.
“Boldfaced values ofE,) and(Eg) are relatively low.

There is a large discrepancy between the EuO prism valum A. Some examples of like-compound discrepancies are
of n=1.96 quoted by Wachte(1968 and the IR value of Cs,SiFs, CsGeF;, Y,03 SiO,, TiO,, ThO,, BaMgF,,
2.30 from Axe (1969. An alternative method of deciding Zn,SiO,, Mn,SiO,, Y;Ga0;,, CaAl,Si;0,,, CaTiSIQ;,
which of these is more correct is to use the data fromyVO,, CaMoQ,, PbWQ,, and KAISQ,),-12 H,0. Ex-
B-Ew,SiO, along with the additivity ruldEq. (2)] where the  amples of deviations from structural family trends are
total polarizabilitya.(3-Eu,SiO;,) is 10.19 A (see Table L  Na,GeR in the M,GeR, family (M=Na,Rb,C$, Y3Ga0;,
Subtracting a(Si0,) =2.803 A, we arrive at ao(EuO) in the M;GaO,, garnet family (M=Y,Nd,Dy,Ho,Tm),
=3.69 A°, which corresponds ta..=1.87, much closer to Ba,Sr,sNb,Os in  the Ba_,SrNb,Og  family,
the prism valuen,.=1.96 than the IR value. TILNiI(SO,),-6 H,O in the TLM(SQy),-6 H,O family

The large discrepancy between prism and IR data fronfM=Fe,Co,Cu,Nj, and KAISQ,),-12 H,0 in the alum
GeQ, is probably caused by poor data or IR analysis. This igamily MAI (SQy),-12 H,O (M=K, Rb). The samples which
evident from then..(GeQ,) IR values ofn,=2.02 andn,  show values differing substantially from the values in like
=2.10, which are improbably larger than.(SnG,) prism  compounds and values shown in family trends have been
values of n,=1.9442 andn,=2.0449. The IR values of marked in Table 1 with a question mark following the accu-
n..(ThO,)=2.20 andn.(UO,)=2.33 by Axe and Pettit racy index, as defined in Table 1.

(1966 are significantly larger than the value of 2.070 ob- |n the example of YOs, the value ofA=75x 10" 6 m? is
tained by Ellis and Lindstroni1964 for ThO, and the UQ  consistent with accurate R, values from SgO; (66
value of 2.16 by Ellis(1964 using prism methods. Axe and %1071 m?), Lu,0; (66X10°°m?), Yb,0, (68-69
Pettit noted this fact and attributed the discrepancy to anc1071® m?), and DyO3(73x10 ¥ m?). The measure-
inadequacy of the LST relation. The final example of thements for the outliers YO, of 125, 62, and 58 10~ ¢ nm?
deviation of IR results from prism methods concerningprobably resulted from systematic errors that influedce
PbMgs3iNb¢,0; where IR data give 2.4&aramyan, 1976 more tham.,. The dispersion parametarfor Y ¢=Tm ;2VO,
and prism method results in a valuerof=2.422(Kamzina,  of 164x 10~ 16 m? [Ohtaet al. (1993 ] seems high in light of
1974. Here the results may be within experimental errorihe values of 109 and 16210 16 m2 for YVO, [Kuwano
since the errors were not given. and Saito(1990; Medenbach and Shanngh997] and 98
X107 m? for Y ¢gNdy, VO, [Lonheim and DeShazer
(1978]. Similarly, the dispersion value for BgSr,gNb,Og
of 79x10 % m? seems inconsistently lower than the values

An independent method of checking accuracy is to comof 102—93<10 ® m? observed for other members of the
pare dispersion constan®s with values from like com- family Ba; ,Sr,Nb,Og. The value 79 was derived from only
pounds and from trends in structural families. The valu@ of two values ofn at 633 and 1050 nifVenturini et al. (1968];
is perhaps as sensitive a test for accuracy as estimated errahe value at 1050 nm is perhaps out of range of validity for
in n. Table 3 shows a number of examples of inconsistenciethe Sellmeier equation. Dispersion from eight samples of ti-

3.2. Comparison of Dispersion Values
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TaBLE 6. Dispersion parameters for oxides and fluorigés

Atom (A (Eo)* (Eq)*

Compound Chemical composition Mineral (%)? 10716 n? ev) (eV) Why low (A)?
Ti** 3p8 TiO, rutile 33 119-111 5.15% 26.3-27.4

TiO, anatase 33 119-114 5455 24.8-25.5

TiO, brookite 33 107 55 27.3

Li, TizO, 25 122 5.9 22.1

CaTio, 20 120 5.7 23.4

SITiOy 20 131-115 5.5-5.8 22.3-24.0

BaTiO, 20 110-109 5.9 24.7-24.9

Ba;/CaysTiOy 20 115 5.8 23.9

PbTiO, 40 112 5.1 28.1

MTIOPO, M=K,Rb 12 133-128 7.6 15.816.5

MTiOAsO, M=K,Rb,Cs 12 131-122 7.3-7.5 16.4-17.9

CaTisig 12 120-104 7.4-7.7 18.1-20.1

Pb_LaZry_Ti,Os 20-16 102-93 5.5-6.1 27.6-29.9

Ba, TiSi,Og fresnoite 8 71 10.5 21.3 Ba
V5" 3pt V,05 28 264 4.1 14.7

YVO, 17 109-95 5.7-7.5 20.9-22.5

NaCaMg,V50;, 15 119-115 7.3-7.4 18.3-18.7

SrV30,,F 14 118 7.8 17.4

CaV,0q 15 114 7.7 18.2

GdVvO, 16 113-109 6.8-7.0 20.7-21.1
crét 3pt M,Mg(CrQy),- 6 H,0 M=Rb,Cs 42 227-244 6.6-6.8 9.9-10.4

MgCrO,- 7 H,0 61 209 7.7 9.9
Nb°* 4p® Cs5Nby,0s6 24 124 6.1 21.1

KNbO,4 20 109-106 6.3-6.4 23.3-23.4

MNbB,Og M=K,Rb 10 127-117 7.9-8.2 16.0-16.7

KTaggNb 3505 20 107 6.3 23.9

K3Li,NbsOy5 25 118 6.2 22.1

Bag Ti,NbgO3o 21 102 6.3 24.7

Pb,KNb5O; 5 30 101 6.1 26.1

Ba,NaNb;0;5 43 98 6.5 25.0

Sty oNay o i 5eNb; O 21 101 6.4 24.8

Bay,_,SrNb,O4 22 110-93 6.1-6.6 23.7-25.9

LiNbOg 20 91-88 6.9-7.0 25.7-26.1 Li

SKLNb,O; 18 88 7.5 24.3 Sr

BagLaNb;O,, 31 79 7.6 26.9 Ba

LaNbO, 17 69 8.4 27.6 La
Mo8* 4p® PbMoQ, wulfenite 17 132-117 5.6-5.9 21.7-22.3

Bi,M030,, 42 160-139 5455 21.1

Ce,M030;, 42 105 7.3 20.8

Gd,M030;, 42 104-101 8.2-8.3 18.8-19.1

Tb,M030;, 42 103 8.2 19.0

CdMo0, 33 98 6.8 23.9

Li, gGdsM0O, 12 95 7.5 22.3

SrMoQ, 16 91-88 8.4-8.5 20.8-21.2 Sr

CaMoQ, 16 91-88 8.0-8.2 22.0-22.3 Ca
Ta>" 5p® KTaO; 20 107 6.5 23.2

LiTa,.«Nb,O, 20 81-79 7.5-7.6 26.4-26.6 Li

BaLaTa,0;, 16 73 8.3 26.6 Ba
W6+ 5pb PbWQ, stolzite 33 104 6.6 235

Cawaq, 17 73-74 9.2 23.4-23.6

SrWQ, 17 74 9.6 22.6 Sr

BawoQ, 33 76 9.6 21.9 Ba

ZnWO, 33 82 7.3 26.6
Ba®" 5p° BaO 50 116 7.2 19.2

BaBeSi,O; barylite 8 96 9.6 17.2

BaAl,Si,Oq paracelsian 8 87 11.3 16.3 Ba

Ba,MgGe, 0, 17 84 10.1 18.9 Ba
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TaBLE 6. Dispersion parameters for oxides and fluorigés—Continued

Atom (A (Eo)* (Eq)®
Compound Chemical composition Mineral (%)? 10 m? (eV) (eV) Why low (A)?
BaO 50 116 7.2 19.2
SrO 50 95 8.5 19.9
CaOo 50 80 9.4 21.2
MgO 50 64 11.3 22.0
Ut ep® CuUO,PQ,), . 8 H,O metatorbernite 40 121 9.2 14.3
K,UO,(SO,),- 2 H,0 18 114 10.4 13.5
CaUO,)(UOOH)SIO,(SiO;0H)- 4 H,O beta-uranophane 33 66 11.8 20.6
#Atom % =(total “soft ions”+H,0)/(total cations-anions.
PBoldfaced values ofA) are relatively high.
“Boldfaced values ofE,) and(Eg) are relatively low.
tanite with a nominal composition CaTiSiGhowed an un- Eq=BNZNe, 4

usually large variation with values ranging from 73 to 120

X 10" m?. This is perhaps not surprising in light of the _ _ o _

presence of twinning in most samples and a variation itvhereN. is the cation coordination numbét, is the formal
composition with analyzed compositions ranging fromvalence of the anion\, is the effective number of valence
Cazcliy oS 005 10 Ca gTip oMo oSipodds  [Hintze electrons/anion=0.26 for ionic cgmpounds, qnﬂzQ.S? .
(1897)]. However, we have judged the values of 73 and 91 irfor covalent compounds. Using this sqheme high dispersion
CaTiSiQ, from Eisbruckalp in Pfunders, Tirol and Glimmer- Values should result for compounds with:

schiefer in St. Gotthard to be lower than expected for titan{1) |ow energy gaps,

ites. (2) ionic character,

Although many of the outliers, such as JS#, (3) cations having lowN,,
Cs,GeRy, RbH,PO,, Mn,SiO,, POWQ,, GkSGAI3012,  (4) fluoride rather than oxide anions; and
and CaTiSiQ have lower reported accuracies, others wergs) cations with lowN,.
reported to have good  accuracy, i.e., én
=+0.0001-0.0005. Although the dispersion value forDiDomenico and Wempl€1969 and Wemple(1977 con-
CaTiO; (127x 10 8 m?) quoted from Driscoll and Vaughin  centrated primarily on optical dielectric constaftsfractive
(Table 1 is consistent with the values éf from SrTiO; and  indice9 and their relationships to the above variables but
BaTiO;, the values oh,, of 1.5554 and 1.3304 are far too they were not concerned specifically with dispersion, al-
low. The value ofn,, of 2.261 obtained using the Chaulnes though DiDomenico and Wemplg 969 noted that the re-
method by Linz and Herringtofil958 is more reasonable, fractive index dispersion is approximately inversely related
suggesting either a calculation error or that the value obto the average single oscillator Sellmeier gap. In this
tained by Driscoll and VaugHrwas from a compound other section we focus primarily on the dispersidnand the rela-
than CaTiQ. tionship to chemical composition and electron configuration
of the atoms involved and find that many of the trend#\in
can be explained by the above five factors. Wemple and Di-
Domenico(1971) and Wemple(1977) showed that low val-

Dispersion values\ range from~40 to 260< 10 1 m?.  ues ofE, are associated with th&'° cations Cd and Ag',
Their distribution is shown in Fig. 1. The largest number ofand thes? cations AS™, Te**, I°*, TI*, P, and BF™.
values is centered around 800 '® m? with a second dis- Figures 2 and 3 show plots oA vs E, and A vs
tribution centered around 90-18A0 **m? and much Eg4,respectively. The plot oA vs E, shows a better fit to
smaller numbers distributed over the range 140-25Q/E,than 1E4 which we interpret to mean that variations in
X 1071 m?. For convenience we arbitrarily call the range E, are more important in explaining dispersion than varia-
from 50 to 80 “normal dispersion,” and 80 to 250 “high tions inE,. We shall analyze this assumption in Secs. 3.3.1—
dispersion.” In this section we make an effort to rationalize3.3.5. A survey of the dispersion parameters of the com-
the high dispersion values. As a framework for the analy- pounds in Table 1 shows high dispersion valdesssociated
sis of dispersion parameters, we use the analysis of Wemplegith certain ions which we call “soft” ions, i.es?, p®, d°
and DiDomenicq1971) and Wemplg(1977). In this scheme and transition metal ions, 4, and crystalline hydrates. In
A is proportional to 1 E,, whereE,=the average single Tables 4—8 we have listed the dispersion parameéeis,,
oscillator energy ané 4= the oscillator strength which mea- andE4 of compounds containing?, p®, d'°, and transition
sures the average strength of interband optical transitionsnetal ions. Normal values of dispersionA=50—-80
According to DiDomenico and Wempld971), Eqis related X< 10~ m?) were found in borates, aluminates, gallates, sili-
to physical parameters by the expression cates, germanates, phosphates, and sulfates not containing

3.3. Analysis of Dispersion Values
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TaBLE 7. Dispersion parameters for oxides and fluoridés

Atom (A)P (Eg)° (Eg)°© Why low
Compound Chemical composition Mineral (%)2 10 ¥ m? (eV) (eVv) (A)?
As®T 4s? As,04 arsenolite 40 105 8.9 17.3
S 5s? Sh,0, senarmontite 40 116 6.8 20.3
Na,SbF; 12 142 10.2 11
Te*" 5s? TeO, 33 108-103 6.26.3 23.0-24.6
I5* 5g? HIO, 25 111 7.6 19.0
MIO,4 M=Li,K 20 126-95 7.9-8.8 16.0-19.3
KIO,F, 17 104 10.2 15.1
TI* 652 TICI 50 148 5.6 19.4
Tl,SeQ 43 121 7.2 18.5
T1,S0, 28 109 8.0 18.5
TIClO, 33 100 9.9 16.2
TI,Cdy(SOy)5 20 84 10.0 19.0
PR* 6s? PbMoQ, wulfenite 33 132-117 5.6-5.9 21.7-22.3
PbGe;0y; 26 132-125 6.3 19.8-20.2
Pb,ScsTa, Og s 33 139 5.2 22.1
Pb;Al,CaSi O, 3 H,O wickenburgite 13 127 8.6 14.6
Ph;V, sAs ;0,.Cl vanadinite 38 126-121 5.6-5.7 22.5-23.1
Pb,MoOs 37 121 6.2 21.5
PbTiO, 40 112-92 5.1 28.1
Ph;As;O,4Cl finnemanite 44 111 6.2 23.2
PhsAs;0,,Cl mimetite 38 107-106 6.8 21.9-22.1
PbF 33 114-125 8.0-8.4 15.9-16.7
PbFCI matlockite 33 106 7.0 215
PbWQ, stolzite 33 104 6.5-7.2 23.5-25.9
Pby,La,Ti; ,Zr,05 40 102-94 5.5-6.0 27.6-29.9
PbNkOy; 31 97 6.3 26.2
Pb,KNb5O;5 30 101 6.1 26.1
PbM3Nb g,04 M=Mg,Zn 33 101-91 5.7-6.0 27.8-29.3
Pb;P,0q 23 96-94 8.0 20.9-21.1
Ph,P;0,,Cl pyromorphite 24 96 7.6-7.5 22.2-22.4
PbHPQ 17 93 8.7 19.6
PhyMgqSigO,4(OH),4 molybdophyllite 12 80 9.7 20.5 Mg, Si
PbSQ 17 79 9.1-9.2 22.0-22.2 S04
PbB,O, 8 62 10.0 26.0
Bi®* 632 Bi, 0O, 40 138 4.8 23.9
Bi,M050;, 29 139,160 5.5, 5.4 21.1,18.6
BigM0,0;5 35 120 5.8 22.9
Bi; MO, M=Si,Ge,Ti 36 126-115 5.25.4 24.2-25.8
BisM30;, M=Si,Ge 21 109-96 6.9-7.6 20.8-22.5
BiB3Os 10 93 8.7 19.6
aAtom % =(total “soft ions” +H,O)/(total cations-anions.
PBoldfaced values ofA) are relatively high.
“Boldfaced values ofE,) and(Eg) are relatively low.
any of the above “soft” ions. It appears that depends on 3.3.1. Transition Metal lons

the total concentration of “soft” ions where these ions must

be in concentration®10%—15%. This number seems to Table 4 shows that many of the compounds containing the
depend on the ion, being lower for Fe C#", Ti*", and  transition metal ions F&é, Co**, Ni**, E*, and U
Bi®", and higher for ZA™, Nb°*, T&*, TI*, and PB™. In  with A=150-265 have some of the highest dispersion val-
Tables 4-9 values ofA) in boldface type are relatively ues of all oxides. F®; (hematit¢, FeOOH(lepidocrocite,
high, whereas boldface values{@,) and(E,) are relatively and Fg(SQ,); all have dispersion values greater than 200
low. x 10" m?. The high dispersion values in transition metal
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TaBLE 8. Dispersion parameters for,8 and crystalline hydrates

965

Atom (A)P (Eg)° (Eg)© Why low
Compound Mineral (%)? 10 16 m? (eV) (ev) (A)?
H,O (liquid) 100 225 9.8 7.2
H,O (ice) 100 152 12.3 8.5
H,O (ice) 100 146 12.6 8.7
Na,HPO,- 12 H,0O 63 119 114 11.7
Na,HPQO, 7 H20 50 105 12.0 12.7
Na,P,0;- 10 H,0 43 101 121 13.1
NaH,PO,- H,O 14 99 11.9 13.6
NaH,PQ,- 2 H,O 25 96 12.3 135
MAI(SQ,),- 12 H,0 M=Na,K,Rb,Cs 60 101-91 12.3-12.6 12.8-13.8
MGa(SQy),- 12 H,0O M=K,Rb,Cs 60 91-92 12.5-12.6 13.9-14.0
MIn(SQ,),- 12 H,0O M=Rb,Cs 60 96 12.2 13.6
MSiFg- 6 H,0O M=Mg,Mn,Fe 43 97-101 13.8-14.3 11.5-11.9
MSiFg- 6 H,O M=Cu,Zn 43 89 13.7-14.1 12.8-13.1
CusSigO,5- 6 H,O dioptase 17 94 10.0 17.1
MgSGQ,- 7 H,O epsomite 54 96 12.5 13.4
BeSQ-4 H,0 33 95 12.4 13.6
CusSQ-5 H,0O chalcanthite 45 85 12 15.7
LiSO,-H,0 14 72 13.9 15.9 Li
CaSQ-2 H,0 gypsum 25 70 13.3 171 Ca
LiCIO,4-3 H,O 43 90 12.6 14.1
M,Cu(SQy),- 6 H,O M=K,Rb,Cs 31 84-89 12.3-12.5 14.6-15.3
M,Mg(SQy),- 6 H,O M=K,Rb,Cs 31 82-85 12.9-13.1 14.5-15.1
M,Zn(SQ,),- 6 H,O M=K,Rb,Cs 31 79-82 12.8-13.0 15.1-15.7
M,Fe(SGQy),- 6 H,O M=K,Rb,Cs 31 79-82 12.8-12.9 15.1-15.8
Cs;MN(SQ,),- 6 H,O 31 81 12.8 15.4
N&,B,05(0OH),- 8 H,O borax 35 93 125 13.8
KB50g(OH)4- 2 H,O 11 88 13.1 13.9
CaB;0,(0OH)5-H,0 colemanite 8 61 131 19.8 Ca
32
M,(SOy)3-8 H,O M = Sm,Pr,Nd 32 81-82 11.9-12.1 16.3-16.4
CsAISLOq- 2 H,O pollucite 79 12.5 16.1 low H,O
Ca;Si,O5(0OH),-2 H,O afwillite 13 59 13.1 20.8 Ca

#Atom % =(total “soft ions”+H,0)/(total cations-anions.
PBoldfaced values ofA) are relatively high.
“Boldfaced values ofE,) and(Eg) are relatively low.

oxides correlate well with values of the parameteryes ofE, (8—10 eV} but because of lovEy (12—13 eV as
Eq(4-8eV) and, in general, low values of the parameteffor other hydrategsee below still show high dispersion.
E4. Even with relatively low concentratiord0%) of Fe**
rather high dispersion values result. Note that although there
is only 4 at% of Fe in MFES0,),- 12 H,O and 8% in cor-
nellite, F&(SQ,)3- 7 H,O, the total concentrations of “soft” Table 5 shows the dispersion parameters for compounds
ions (FE') and H,0 are 54% and 37%, respectively. Simi- containing Cd, Zn?*, As°*, and I'". Among the oxides
larly, in MCr(SQy),- 12 H,0, both C#* and H,0 contribute  Cu,O has one of the highest dispersios=267), appar-

to the dispersion. It is apparently not necessary for the ionsntly because of the exceptionally low energy gap of 3.8 eV.
to be linked, e.g., compounds with isolated®Fesuch as Among the Zn-containing compounds only ZnOA (
CaFe,Sis055, NagfFeglAl gsTi 035i,0s  (aegiring, and  =159-185) and ZnW@Q(A=82-86) have high dispersion.
M,CoSpLO; (M=Ca, S) have high dispersion(A  ZnO has both lowE, and E4 (CN=1V), whereas ZnWQ
=100-173. Hydrates such as Fe3OH-2H,O0 and has lowE,but a higheE, caused by CN6 for both Zn and
MFe(SOy),- 2 H,O (M=K, Rb, Cs and Tl have higher val- W. Note that the high dispersion of ZnW®@®esults from the

3.3.2. d*° lons
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TasLE 9. Dispersion parameters associated with idhgs the cation coordination numbe\, the effective number of valence electrons per anion,Zyttie
formal valence of the anion

No. of (A)? (A)® (E9  (Eo”  (Eq (E)® Eq
lon compounds  10®m? 10 % m? (eV) (eV) (eV) (eV) (eV) Beta N, Ne Za
mean range mean range mean predicted
dw° cu* 2 161-267 214 4-6 5.0 16 15.9 17 .26 2 16 2
Zn?t 8 59-185 91 6-15 9.7 15-26 21.0 17 .26 4 8 2
As>* 4 81-100 93 10-11 10.8 15-20 16.0 17 .26 4 8 2
17t 1 133 133 9 8.8 13.7 17 .26 4 8 2
s? As®t 1 105-111 105 9 8.8 17.3 14 .26 3? 9? 2
St 2 95-142 129 7-10 8.5 11-20 157 14 .26 3? 9? 2
Te*t 2 103-119 110 6 6.2 23-25 24.0 19 .26 47 9? 2
15+ 4 95-126 110 8-10 8.5 15-19 17.4 18 .26 3? 8? 2
T 5 84-148 112 6-10 8.1 15-16 18.3 26 ~8 107 2
PR* 26 62-139 104 6-10 6.9 16-30 23.1 26 ~8  10? 2
Bit 9 93-160 116 5-9 6.2 20-24 23.1 26 ~8 107 2
p® Ti** 20 714119 115 5-10 6.2 16-30 22.5 25 .26 6 8 2
A 6 109-264 124 4-8 7.5 15-22 19.6 17 .26 4 8 2
cret 3 hydrates  209-244 227 7-8 7.0 10 10.1
Mo®* 8 88-160 107 6-8 7.3 19-24 21.4 17,25 .26 4.6 8 2
we+ 5 73-104 80 7-10 8.3 22-27 24.2 17,25 26 4.6 8 2
Nb>* 15 69-124 99 6-8 6.8 21-26 24.6 25 .26 6 8 2
Tao+ 3 73107 86 6-8 7.3 23-26 25.7 25 .26 6 8 2
Uik 3 hydrates 117 9.8 13-14 139 .26
Cs" 11 58-107 82 14.9 14-20 17.8
Ba?" 16 53-116 78 10.9 17-22 17.1
d® Fet 12 114-225 159 4-11 6.4 17-20 17.0 19 26 6 6 2
d3 crt 4 hydrates 95105 98 11-12 11.8 14 13.9
d’ Co*t 2 117 117 8 7.6 12 11.8 19 .26 6 6 2
d® Ni2* 3 fluorides 71498 115 8-14 11.7 10-16 14.1 13 .26 6 6 1
f2 Ut 1 264 264 5 4.2 14.5 .26 8 6 2
7 EWT 1 162 162 6 6.5 15.1 19 .26 6 2
H,O 1 225 225 9.8 7.2
ice 2 146-152 149 12.4 8.6
hydrates 73 59119 90.6 10-14 12.3 11-20 14.4
*Boldfaced values ofA) are relatively high.
bBoldfaced values ofE,) and(E,) are relatively low.
combined presence of Zh and WP*. All the other Zn- Similarly all vanadates have high dispersion values with

containing compounds have relatively high oscillator enerV,0s having one of the highest valued € 264) and one of
gies and therefore lower dispersion. Arsenates which mightowest values oE,=4.1 eV. Values of the vanadate param-
be expected to have low dispersion because of their Bigh eterE, are similar to those of the titanates, being in the range
have relatively high dispersion resulting from tetrahedral4—8 eV. Although chromate dispersions are augmented by
As®" and lowEy. KIO,, the only example of an iodate, has the presence of }O (see below; we believe because of the
high dispersion A=133) because of both lowE, and exceptionally high values oA, the primary contributor to
Eq (CN=1IV for 7). the high dispersion is the presence of théCion. Most
niobates and tantalates have high dispersion but the values
3.3.3. p® lons depend on the concentration with significantly lower disper-
sion for BgLaNb;O;, and LaNbQ, whereE, has increased
In Table 6 we list the dispersion parameters for titanatesto 8.4 eV. Tantalates, because of slightly higkgrvalues,
vanadates, chromates, niobates, tantalates, molybdates, dmalve slightly lower dispersion than niobates, e.g., compare
tungstates. All titanium-bearing compounds wittl0% Ti  LiNbO; with A=91-88 and LiTa@ with A=81-79. All
content have high dispersion, and are associatedRyjtral-  reported molybdates have high dispersion. Following the
ues in the range of 5—8 eV. Between 12% and 33% Ti theresame behavior as niobates and tantalates where the
is no obvious concentration dependence. Fresnoitegompounds lower in the periodic table have lower
Ba, TiSi,Og, the one Ti compound with F10% has normal dispersion, the tungstates have slightly lower dispersion
dispersion. than the molybdates. Among the uranyl compounds, meta-
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torbernite [CulUO,PQ,),-8H,0] and KUO,(SQ,), associated with slightly lowek values have high dispersion:

-2 H,0O have high dispersion but this high dispersion mayPbMoQ,, PbM0Os, Pb,SgsTay 065, PV, sAS 30,,Cl,

arise partially from the presence of water of hydration.Bi,Mo30,,, and BfM0,0;s.

p-uranophane,  Ca(UQ(UOOH)SIiQ;)(SiO;0H)-4 H,0, As noted in Sec. 3.3, dispersion is controlled by the com-

containing 4 HO has, however, normal dispersion. bined effects of, andEy. It is apparent from Fig. 2 that the
Cs" and B&" compounds seem to be conditionally “soft” |, E, values associated with these ions go a long way to-

ions. A few Cs compounds such as G8B, CsLiBgOo, o4 explaini . . .
) plaining the high dispersion values of compounds
CSAISLOp-x H;0 and CsSeq,, and Ba compounds such containing these ions. Note for example the low energy gaps

as BaO, BaBg5i,0;, BaAlSiOg, and BaMgGe,O; have _ i . :
moderately highzdi;persion 28 L associated with compounds containing ‘CuTe**, Bi®",
Ti**, FE*, U, and EG".

However, it is clear that not only is lo, necessary for
high dispersion but als&y; must be reasonably low. Al-
3.34. 52 lons though the plot ofA versusEy shows a poorer fit to H,

Wemple(1977 noted the reduced average energy gaps than 1E4, the effects ofE4 can be clearly seen. in many
for thes? ions TI". P+ and B*. We note in Table 7 that CaS€s: The effects of formal valenégcan be seen in lo

all the lone-pair cations lead to high dispersion. In genggal and the relatively high dispersion of CuCl, }&bFy, TICI,
values are low, varying from 5 to 9 eV. The highest disper-2nd NiF, caused by loweredy and the effects of cation
sion is observed in TICI, N&bF;,, PbMoQ,, Ph,Ge0;, coordination can be observed in L4 ZnO, arsenates,
Pb,Sq<Tay 0g5, Bi,O3, and BbMogzO;,. As for other vanadates, iodates, molybdates, and the ions" ASE",
compounds, the critical concentration of metal ion or combi-Te**, and P*. As we have shown above, all hydrates have a
nation of “soft” ions appears to be~10%. Both relatively low E4. The effects of water of hydration are ap-
TI,Cdy(SO,)3 (A=84) and PbBO; (A=62) with ~10%  parent in the high dispersion of Fe$OH-2 H,O,

metal ions have reduced dispersion. Fe(SO,)s-7 H,0,  CsMg(CrOy),- 6 H,0, MgCrO,
-7H,O, PRAI,CaSi0,7-3H,0, and Cu(UQPQG,),
-8 H,0.
3.3.5. H,0 and Hydrates It is tempting to try to complement this rationalization of

high dispersion values by correlating observed and calcu-
DiDomenico and Wemple(1969 and Wemple(1977  |ated values ofE4 with dispersion. Using the Wemple and
noted the low values of the paramekgyfor both liquid O pipomenico(1971) scheme for calculating, for single ion
and ice(9.5 and 8.6 eV, respectivelyWe find a slightly .., nqs it is not possible to calculdtg for most com-

lower value for liquid HO of 7.3 eV. Table 8 shows that ds i bl b f . h

almost all hydrates have relatively low valueskyf, gener- pounds in Table 1 ecausezo uncertalptyloover what to use
ally in the range 12-16 eV. Exceptions are diop_for: (1) covalency;(2) N, for s“ and certaird*” compounds;
tase (CySigOse 6 H,0), K,UO,(SO,),-2 H,0, gypsum and(3) cation coordination when there are two or more cat-

(CaSQ-2 H,0), and afwillite [Ca;Si,05(OH),- 2 H,0]. ions with differing N¢, i.e., YVO,, CaTiQ;, CaMoQ, .
The combination of moderaté, and lowE results in most ~ Y3F&01,, and more complex compounds such as crystalline
hydrates having relatively high dispersion. hydrates. Indeed, Wemple and DiDomenico noted that the

scheelite compounds MMaqQwith M=Ca, Sr, and Pb did
not fit the scheme witlB=0.27. On the other hand Wemple
found that “anion radical” groups such as phosphates, sul-
fates, selenates, and chlorates resulted in good agreement

Table 9 summarizes the mean and maximum dispersiohetween observed and calculatégl but that a good fit was
parametersh, E,, andE4 along with their range for 5D,  obtained for the iodates HiOand LilO; only by using 8
hydrates and compounds containing ¢&ions Cu", Zn**,  —0.42-0.44. We have comparé&y values calculated using
As5:, and F*_,thhe s? icgnfs AS”, +Sb°’+é+-"e4+, +|5+, Tb!: the properties of the anion groups such as3iBOBO; ,
Pb25+, and Br"+ , the p® ions _'_I'I4 Ve Cr**, Mo " PG, VOI, SG, Sed, MoCZ , and WG~ and
('\3122 4 a&?zl-é b‘:’}fd tr;?]érarésl%tion ﬂ?gtgl I?jri]sS;;(z:rEio?]rs A find that the counter ion almost always has an effecEgn

' ! ' i These uncertainties added to those abhdutind N, make it

= ~140-250) is especially noticeable fop® and the ions . o
cut, zZret. It SBt. V5, Cft. Fé', U, and difficult to rely on calculatedey values in the majority of

EW?* and for the compounds having a high concentration ofultiion compounds. Thus, we make only the very general
H,O and these ions: liquid $O, ice, CuCl, CyO, ZnO, observation that the presence of® halide ions, and cat-

KIO,, Na&SbR, V,Os, FeO;, FeOOH, Fe(SQ,);, ions with low CNs such as Cy Ztt, AsST, AT, ST,
FeSQOH, YsFe0,,, UO,, and B-Ew,SiO,. In additon  Te**", I°*, V®*, and M&* sometimes contribute to lower
compounds containing combinations of these ions and otheis; and therefore higher dispersion.

3.3.6. Summary of Effect of Electron Configuration and E, and
E4 on Dispersion
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8. Appendix 2. Alternative Forms of the
Sellmeier Equation

The general form of the Sellmeier equation is usually
given as

2_ AJ)‘2
n —1+§j: )\2—)\j2
with the wavelength\ of the incident light, and the wave-
lengthsh; with the corresponding constams representing
the wavelengths of maximum absorption at several absorp-
tion bands. The refractive indices used in the current work
are sufficiently approximated using a one-term Sellmeier
equation with wavelengths far distant from the immediate
region of the absorption band &t, thus yielding

AN?
n2= 1+ %.
N2—\§
Rearranging this equation gives
1\ L1
n—1 A\ A,
and finally
t .2 +B
n—1  \?

[Eq. (3a)] with A= \2/A, and B= 1/A, or A\2=A/B. The
constantA, is related to Eq.(3b) by the expressiorEy
=A, E,.
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